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We use few-femtosecond soft x-ray pulses from high-harmonic generation to extract element-specific
demagnetization dynamics and hysteresis loops of a compound material for the first time. Using a
geometry where high-harmonic beams are reflected from a magnetized Permalloy grating, large changes
in the reflected intensity of up to 6% at the M absorption edges of Fe and Ni are observed when the
magnetization is reversed. A short pump pulse is used to destroy the magnetic alignment, which allows us
to measure the fastest, elementally specific demagnetization dynamics, with 55 fs time resolution. The use
of high harmonics for probing magnetic materials promises to combine nanometer spatial resolution,
elemental specificity, and femtosecond-to-attosecond time resolution, making it possible to address
important fundamental questions in magnetism.
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The study of magnetism, magnetic materials, and dy-
namics in magnetic systems is a topic of fundamental
interest in our understanding of correlated systems, as
well as being directly relevant to technology and informa-
tion storage [1]. In recent years, magnetism at ultrafast
time scales has been a topic of increasing interest. A
thorough understanding of femtosecond magnetism will
address the important questions of how fast the magneti-
zation can be reoriented in a material and what physical
processes present fundamental limits to this speed. In the
spatial domain, magnetism at nanometer length is a topic
directly relevant to data storage, since future advances in
this technology will require a further reduction in device
dimensions to increase the storage density. These consid-
erations have motivated a variety of studies using magneto-
optic effects in conjunction with ultrafast light pulses to
explore these fundamental limits.
Magneto-optical dynamic studies currently make use
either of visible-wavelength light from ultrafast lasers, or
x-rays from large-scale synchrotron x-ray facilities. Ultra-
fast lasers produce short pulses (30 fs), making possible
femtosecond time resolution [2–5], but with a spatial reso-
lution that is generally limited by the wavelength of the
probe light. X-rays, on the other hand, allow for high
spatial resolution and high contrast imaging at the elemen-
tal absorption edges of ferromagnetic materials. However,
the available time resolution to date is too slow to resolve
the fastest dynamics involved in domain reorientation or
to illuminate the physics behind the recently observed
ultrafast coherent interactions between light and the elec-
tron spin system. Because of this, significant efforts have
been devoted to using laser pulses to select a short burst
(100 fs) of x rays from synchrotron radiation (called
femtosecond-slicing) [6]. However, these experiments are
time consuming and challenging, due to the low flux of
sliced photons.
Continued scientific and technological progress thus
requires studies that combine nanometer spatial resolution
with femtosecond-to-attosecond time resolution. This is a
challenging proposition, but one that can be addressed
using newly developed tabletop-scale coherent light
sources based on high-harmonic up-conversion (HHG) of
a femtosecond laser. HHG is an extreme nonlinear process
that produces coherent short wavelength beams with the
shortest pulse durations demonstrated to date for any light
source—in the 0.1 fs to 10 fs range [7–9]. The generated
harmonics extend from 10 eV to greater than 2 keV, and
retain the polarization and coherence properties of the
driving laser under phase-matched generation conditions.
Bright HHG beams with sufficient flux for experimental
applications can currently be generated with photon ener-
gies of up to330 eV [9]. Past synchrotron measurements
using long duration pulses have shown that the magneti-
zation can be probed at the M edges of Fe, Co, and Ni, at
photon energies around 55 eV to 65 eV [10–14]. This is an
energy range that is easily accessible using HHG.
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The significance of this work is fourfold. First, the
ability to make elementally specific measurements allows
us to compare ultrafast demagnetization dynamics in the
constituents of a compound material. Second, the ultrafast
time resolution of HHG provides a clear pathway for
addressing a controversy concerning the time scales and
mechanisms associated with the ultrafast (possibly even
attosecond) dynamics of magnetization [5,15]. The ex-
tremely short pulses provided by HHG can address both
electron (<100 fs) and spin dynamics (>300 fs) on an
equal footing, which is the prerequisite to studying the
mechanisms governing coupling between the electron,
spin and lattice subsystems [2]. Recently, Bigot et al. [5]
investigated coherent ultrafast magnetic phenomena in-
duced by femtosecond laser pulses. This is a new topic
for future research in magnetism that requires the ultrahigh
femtosecond-to-attosecond time-resolution provided by
HHG. Third, the full spatial coherence of the high-
harmonic source will enable imaging of magnetic struc-
tures with nanometer spatial resolution and ultrafast time
resolution. Coherent diffractive imaging has recently been
used to acquire images with resolutions of 50 nm using
high-harmonic sources in a multiple pulse imaging regime
[16], and with a resolution of 120 nm in a single pulse
imaging regime [17]. Finally, the high-harmonic source
uses a tabletop femtosecond laser that is available in
many laboratories worldwide. Therefore, this work repre-
sents an accessible new experimental capability for mag-
netic materials research.
In our experiment, 1.3 mJ, 30 fs pulses from a Ti:sap-
phire laser amplifier system, operating at a repetition rate
of 3 kHz, are coupled into a hollow fused-silica waveguide
[Fig. 1(a)]. The waveguide is filled with neon gas within
which a broad range of harmonics (from 42 to 72 eV) is
phase-matched, spanning both the Fe and NiM edges. The
comb of harmonics emerging from the waveguide is sepa-
rated from the residual driving laser light using two 200 nm
thick aluminum filters. The harmonic beam is focused by
glancing incidence reflection from a 2 m focal length gold-
coated mirror. Finally, we take advantage of the spatial
coherence properties of the high-order harmonics to spec-
trally resolve the harmonics by diffracting the harmonics
from a 1 m line (2 m period) Permalloy grating
[Ni80Fe20, Fig. 1(b)]. The beam size incident on the mag-
netic grating is approximately 500 m in diameter. The
resulting diffraction pattern is recorded by a windowless
CCD. The Permalloy grating was fabricated using photo-
lithography, starting with an ion-beam-deposited thin film
consisting of a 3 nm Ti seed layer and a 10 nm Permalloy
layer on a thermally oxidized Si wafer. Conventional lift-
off processing was used to define a diffraction grating.
A typical harmonic spectrum is displayed in Fig. 2. The
HHG process generates odd-order harmonics of the
780 nm driving laser, resulting in harmonic peaks sepa-
rated by 3.16 eV. The sharp cutoff in the spectrum (above
which no harmonic light is seen) corresponds to the strong
absorption edge of the aluminum filters at 72 eV. This
allows for straightforward calibration of the harmonic
spectrum: we identify the photon energy immediately be-
low the Al edge (71.1 eV) and determine the energies of the
lower harmonics accordingly.
The experiment is set up in a transverse magneto-optic
Kerr effect geometry (T-MOKE); i.e., the magnetic field is
applied perpendicular to the plane of incidence of the
linearly polarized probe light and parallel to the stripe
direction of the Permalloy diffraction grating. Unlike
FIG. 1 (color online). (a) Experimental setup. (b) Scanning
electron micrograph of the Permalloy grating with a period of
2 m. (c) Sample geometry—the blue arrow depicts the
p-polarized soft x-ray beam whose plane of incidence is shown
by the dashed black box. The black arrows indicate the two di-
rections of magnetization reversal, which are perpendicular to
the plane of incidence of the probe light. (d) Typical harmonic
spectrum reflected from the Permalloy grating and recorded on a
CCD.
FIG. 2 (color online). Experimental data showing the HHG
spectrum (lower plot, right axis) and measured magnetic asym-
metry (dashed lines in upper plot, left axis) for different incident
angles. No asymmetry is measured for s-polarized probe light
(black line). The vertical lines denote the Fe, Ni, and Al
absorption edges.
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MOKE measurements in other geometries, T-MOKE in-
duces no ellipticity in a p-polarized probe beam. Rather,
the reflectivity of the surface changes, depending on the
magnetization of the sample [10]. The sample magnetiza-
tion is oriented by a Helmholtz coil capable of producing
4:8 kA=m (60 Oe) magnetic fields, which exceeds the
0:8 kA=m to 1:6 kA=m (10 to 20 Oe) switching field of
the Permalloy grating. The diffracted harmonic intensities
are measured at 4:8 kA=m (60 Oe).
The strength of the T-MOKE signal can be characterized
in terms of an asymmetry between two magnetization
states, defined as A ¼ ðIþ  IÞ=ðIþ þ IÞ where Iþ
and I denote the reflected intensities recorded for the
two magnetization directions. The shape of the resulting
asymmetry for different incidence angles of the probe light
is shown in the upper plot of Fig. 2 (dashed lines). Large
changes in sign and magnitude of asymmetry are observed
at the M absorption edges of Ni (68 eV) and Fe (55 eV).
The shape of the asymmetry is in agreement both with
theoretical arguments based on spin-orbit coupling and
exchange splitting of the electronic states involved in the
optical transition [12,18], and with the T-MOKE measure-
ment from synchrotron radiation [10–13]. We also verified
the magnetic contribution on the signal by rotating the
plane of polarization of the probed light to s-polarized
light, where no asymmetry is observed, as shown in
Fig. 2. We measured asymmetries of up to 6% near the
Ni M edge at an angle of 55 from normal incidence. For
angles of incidence further from normal, the measured
asymmetry decreases [10].
To demonstrate the utility of large measured magnetic
asymmetries for element-specific probing of magnetiza-
tion, we characterized the magnetic hysteresis of our sam-
ple. Figure 3 shows two hysteresis loops, one monitoring
the asymmetry close to the Fe edge and the other close to
Ni edge. The measurements at both edges yield identical
hysteresis loops, with a coercivity of 800 A=m (10 Oe).
The observation of nearly identical hysteresis loops for Fe
and Ni in Permalloy implies tight exchange coupling of the
respective moments, as was previously inferred from time-
resolved x-ray magnetic circular dichroism (XMCD) mea-
surements of Permalloy films by Guan et al. [19].
Soft x-ray light at energies above the absorption edge
has a short penetration depth of only a few tens of nano-
meters in most materials. This effect can be exploited to
probe the surface properties or near-surface layers of a
magnetic structure. In order to demonstrate this ability,
we measured the T-MOKE asymmetry for Permalloy grat-
ings with palladium (Pd) capping layers of different thick-
ness (2 nm to 15 nm), sputtered on top of the Permalloy
gratings. Pd was used because it does not oxidize or have
an absorption edge near either the Ni or Fe edges. This
allows us to measure the decay of the T-MOKE asymmetry
due to absorption of the soft x-ray light by the Pd overlayer.
Tabulated data for Pd, with an assumed density of 1:2
104 kg=m3, predict attenuation lengths of 3.6 and 3.3 nm,
at 55 and 67 eV, respectively, for our angle of incidence
around 65 [21]. Figure 4 displays the T-MOKE asymme-
try near the Ni and Fe absorption edges, which decays
exponentially as a function of capping layer thickness.
Fits to the data yield decay lengths of 3:02 0:4 nm (Ni
edge) and 2:68 0:9 nm (Fe edge). We assume the dis-
crepancy with tabulated data is probably the result of the
reduced density for such ultrathin sputtered films.
Nevertheless, this data shows the potential for using M
edge T-MOKE as a near-surface-sensitive magnetic probe.
Finally, we demonstrate the use of few-femtosecond
high-harmonic beams to probe the dynamics of ultrafast
demagnetization processes after excitation by an intense
infrared pump pulse. Initially, the ultrafast intense pump
pulse coherently interacts with the electron and spin sys-
tems within the duration of the laser pulse [5]. Then,
FIG. 3 (color online). Hysteresis loop of the magnetic asym-
metry measured near the Ni (top) and Fe (bottom)M edges, with
the selected energies indicated on the right.
FIG. 4 (color online). Demonstration of the near-surface sen-
sitivity of T-MOKE using high-harmonic beams. The measured
asymmetry near the Fe (circle) and Ni (triangle) edges is plotted
as a function of Pd capping layer thickness. The curves corre-
spond to an exponential decay length of 3 nm in each case.
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thermalization of the electron and spin systems takes place
through incoherent scattering processes, resulting in a
subsequent reduction and reorientation of the magnetiza-
tion vectors [2–5].
To demagnetize the sample, a pump beam (which was
derived from a portion of the HHG generating beam) is
incident on the sample with a fluence of 1 mJ=cm2. We
choose harmonics around Fe (55 eV) and Ni (68 eV) M
edges to measure the asymmetry as a function of time-
delay after the pump pulse. Figure 5 shows a reduction in
the asymmetry parameter within 400 fs after excitation
of the surface by the pump beam, in agreement with past
measurements using visible light [4]. We do not see a
significant difference in the demagnetization dynamics
curves for Fe and Ni even during the nonadiabatic heating
process (within the experimental error of the data), because
of the strongly exchange coupled Permalloy system. The
time resolution in our experiment is about 55 fs, and
limited by the pump-probe geometry [21] and the duration
of the pump beam (30 fs). In the future, by using a collinear
pump-probe geometry it should be possible to investigate
coherent magnetization dynamics [5] on few-femtosecond-
to-attosecond time scales [22].
In summary, we have demonstrated the use of ultrafast,
coherent, high-harmonic beams to probe magnetization
dynamics with elemental specificity, and achieve the fast-
est time resolution measured to date using any source. The
strong signals obtained using HHG as a probe allows for
element-specific measurements of ultrafast magnetization
processes. High magnetic signal asymmetries of 4% and
6% were measured near the M edges of Fe (55 eV) and
Ni (68 eV), respectively. This work opens up the possibility
of probing magnetic dynamics and image domain structure
on ultrafast femtosecond-to-attosecond time scales, with
nanometer resolution, near-surface sensitivity, and element
specificity. Finally, recent advances in generating bright,
high-harmonic x-ray beams at higher photon energies
should enable magnetic material studies at the L absorp-
tion edges [9,23] and using circular polarized light [24] in
the near future.
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FIG. 5 (color online). Ultrafast, element-selective measure-
ment of demagnetization following laser-pulse excitation of
both Ni and Fe components of Permalloy. The magnetic orien-
tation decreases for Fe and Ni on similar time scales of 400 fs.
For this measurement, the time resolution is 55 fs. Error bars of
the measurements are represented at the 2.1 ps data points.
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